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The Electron-lon Collider: a new frontier

EleCtron-lon CO"ider: ® / Collision products
the new frontier in high-energy nuclear physics cioction @ fé%z;éf'// o
To be built by 2030 at BNL to be the world’s most powerful o
microscope into proton and nuclear structure, with most ) \"
intense polarized electron & hadron beams: 3-D - Proton

tomography of the proton, new states of matter, origin of /
proton spin and mass.

LANL a leading contributor to the Jets & Heavy Quarks
program at EIC, both theory and detector development.

Focused on probing hadronization in both cold and hot
dense nuclear matter: frontiers of QCD

gluon radiation
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The Electron-lon Collider: a new capability

This project:

Work towards a new capability for the EIC: ability to search ‘\ ) (]
for new physics beyond the Standard Model A
Unprecedented luminosity to search for rare processes, &

in particular charged lepton flavor violation, e.g.¢ — 7

Such CLFV interactions are generated in models of new physics
that give rise to neutrino masses and mixings, and may explain origin
of matter-antimatter asymmetry in early universe

also topics of significant investment at LANL
(e.g. neutrino & neutron experiments and theory)

Analyze EIC discovery potential using most general framework
of BSM physics: SM Effective Field Theory (SMEFT)

EIC projected annual luminosity

Develop best strategies to
identify 7 decay products,
/ \ measurements on
associated hadrons with
q q least SM background and

SMEFT connecting best discriminating power for
different experiments different CLFV mechanisms

" New CLFV
physics?

=
8}
[
@
Lyl
£
L
=3
oy
7]
o
=
&
3

Annual Integrated Luminosity (fbt)

50 100
Center-of-Mass Energy [GeV/]

Los Alamos National Laboratory



EIC physics timeline

The time to influence the EIC physics program and detector design &
development is now:

Era of EIC
Discoveries

SCIENCE REQUIREMENTS
AND DETECTOR
CONCEPTS FOR THE

ELECTRON-ION COLLIDER
! EIC Yellow Report

LONG RANGE PLAN
for NUCLEAR SCIENCI

O &

LANL T and P-Div teams authored several sections of the YR on jets & heavy quarks

This project’s paper on CLFV at EIC was cited in the YR section on electroweak & BSM
physics, which is not yet heavily developed and has room to grow

Los Alamos National Laboratory



Goals & Accomplishments of this project

Original proposal goals:

» Propose and compute observables that can distinguish CLFV signal from SM backgrounds

» Use SMEFT and QCD theory and Monte Carlo simulation packages for QCD showering,
hadronization, and detector effects

» Use SMEFT to compare EIC sensitivity to CLFV to other types of searches where same
interactions may produce CLFV effects, e.g. B decays, 7 decays

» Discovering BSM physics @ EIC would be one of its most exciting and transformational outcomes

possible.
Achieved:
» Published 108-page paper in Journal of High-Energy Physics, was immediately accepted for
publication
RHEP V. Cirigliano, K. Fuyuto, C. Lee, E. Mereghetti, B. Yan, JHEP 03 (2021) 156
oo o o » Most comprehensive study of CLFV in SMEFT to date, most complete

S comparison of all available & projected experimental constraints

» Key outcome: EIC may have superior sensitivity to CLFV operators

probing heavy quark content of proton or final-state jets = synergy with
QCD jets & heavy quark program

» Based so far only on leading-order QCD perturbation theory, however.

Los Alamos National Laboratory




Goals & Accomplishments of this project

Extended goals into 2nd year (FY22):

» Compute next-to-leading order corrections in QCD which may be important in mixing different
SMEFT operator contributions to CLFV processes

» Explore sensitivity of EIC (at leading order in QCD) to lepton-number-violating (LNV) processes

such as e~ + p — 71 + X which are connected to nature of neutrino masses (Majorana or Dirac)
also to be tested in double beta decay experiments

» Explore other ways to test boundaries of SM physics with the EIC

P etk 39l 2]

Achieved so far:

The anomalous Zbb couplings at the HERA and EIC

» Postdoc Bin Yan wrote Letter with external collaborators,
accepted in Phys. Lett. B, proposing measurements at the EIC
that can measure precisely the coupling of Z bosons to heavy b
quarks for possible signs of new physics beyond the SM and
possibly resolve the anomaly in these couplings measured at

the LEP and SLC e™e™ colliders

B. Yan, Z. Yu, C.-P. Yuan, The anomalous Zbb coupling at
HERA and the EIC, Phys. Lett. B, in press (2021)

Los Alamos National Laboratory



Postdoc Development

Background:

» Dr. Bin Yan comes with high recommendations from PhD program at Peking University and
postdoc at Michigan State

» Supported FY20 by DOE-funded projects on Nuclear Theory in T-2 and Early Career Award
of C. Lee on Precision QCD

» Binis collaborating on large project to determine strong coupling in QCD to high precision
using data from LEP e™e™ collider at CERN.

» Won Director’s Postdoctoral Fellowship for FY21-22 to work on new physics at EIC

» In FY22 continues to be partially supported by DOE projects on QCD

Breadth:

» Has engaged with other colleagues in T-2 to achieve goals of this PRD project:
V. Cirigliano & K. Fuyuto

» Maintained active external collaborations with existing and new collaborators on perturbative QCD,
tests of SM and BSM particles and couplings at LHC, EIC, and new linear (¢te™) colliders

» 6 papers published or submitted to peer-reviewed journals outside of this PRD project

» Over 20 invited talks (mostly virtual during Covid) all over the world

Los Alamos National Laboratory



Postdoc Development

Future prospects:

» Follow-on proposal: our work on CLFV @ EIC motivated and comprised a major component of
a proposal to DOE'’s call early this year for proposal on ML/AI applications for EIC or other
future colliders. (unfortunately not funded)

» NMC-supported collaboration with NMSU to carry forward some exploratory research to
strengthen proposal for next call

» The outcome of this PRD research also strengthens a potential ER proposal building on this
topic for FY23, to expand LANL’s expertise and leadership on jets & heavy quarks at EIC to a
BSM physics program

» Bin has been invited to interview for faculty positions at several universities:

» Beijing Normal U.
U. Regensburg
BeiHang U.
NanKai U.
Beijing Institute of Technology

» Awaiting outcome, and new opportunities to apply this Fall/Winter

Los Alamos National Laboratory
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V. Cirigliano, K. Fuyuto, C. Lee, E. Mereghetti and Bin Yan, JHEP 03 (2021) 256

Bin Yan, Zhite Yu and C.-P. Yuan, arxiv2107.02134 (Accepted by PLB)



Charged Lepton Flavor Violation @ EIC

V. Cirigliano, K. Fuyuto, C. Lee, E. Mereghetti and Bin Yan, JHEP 03 (2021) 256



Charged Lepton Flavor Violation

. . Solar
Lepton Flavor is not conserved: — @

Neutrino Oscillations ,\' %

Charged Lepton Flavor Violation (CLFV):

Neutrino oscillation between three i "}/
m 2
BR ~ ( ”) ~ 107
mw
S. Petcov, ‘77; W. Marciano and A. Sanda, ‘77
I] > T_; VT‘ Ve " e
8
A. CLFV is sensitive to the NP
B. CLFV could be related to the neutrino mass
generation mechanism;
Tree level or Loop level NP
7_—: > T -

For example: Two loop neutrino mass model
QHC, SLC, E. Ma, Bin Yan, DMZ, PLB779 (2018)430-435



CLFV and EFT

Four types operators:

Any flavors
7 4 N
(H), é , i’ i q
N \ sy e
T T
6 \_ J
vector/axial currents dipole Yukawa four-fermion
For example: _ g (1) (3) _ _
P L= ~ e Z, [(CL¢+CL¢)T6 Tyter +ce¢TRv’“‘eR}
e ~ g _
— % [Fi]TeTLO-NVeRF/ULV — m [Fez]TeTLO'MyeRZMV
Four-fermion operatrors: [CLd]dd [CLd]ds [Cu]db
we assume the generic quark flavor structures CLd],;. = [CLd]sd [CLd]ss [CLd]sb

[Cld]bd [CLd]bs [Cld]bb



Charged Lepton Flavor Violation

Focus on tau lepton

Tevatlon

%lprotons
s

Low energy
observables

Babar, BeIIe 1

Meson
‘i/% ]
e




Collider analysis @ EIC

K 4 Signal:  E, =20 GeV, E, =250 GeV

(De™p =717 X — e ey X;
ql ( 2)e p—=717 X = pu v X;

Cut efficiency

= A >
2 X Be p—=>7 X —>v Xp X

Background: SM DIS production

o<

= e, 1, d The electron and hadronic decay channels would be
'V U challenge due to the large backgrounds;

R Based on Pythia8+Delphes
: Muon channel

pr > 10 GeV, 1/; > 20 GeV

_ BEr > 15 GeV, |I]/,.J'1| < 3.

\ Background free process

-||||||||||||
0 10 20

1 I 1| 1 I 11 1
30 40 50

P}"ll"cut [GeV]



The sensitivity of CLFV

Dipole, Yukawa and Vector/Axial vector current

—1
Upper limit on LFV coupling and lower limit on new physics scale £ 100 fb
10B = EIC (left: 7 - g v,vs) W EIC(eft:T>Xyv,)  €Eout = 1 =
m LHC (middle) o1
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EICis comparable to LHC limits
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L

The sensitivity of CLFV

Four-Fermion operators

=100 b~ - | - |
Upper limit on LFV coupling and lower limit on new physics scale
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The limits for the heavy quark components at the EIC are comparable to the

LHC and low energy data



The sensitivity of CLFV

Global analysis:
Scenario Operators
T
- ! (1,3)
t-channel | A Ly s [CLQUluus [CLQ,D)dd,sss [CLuluus [CLdldd,ss
M=1TeV . (13)
) B Ly s [CLQ,D]dd,sspbs [CLddd,ss,bb
Scenario A Scenario B
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The anomalous Zbb couplings @ EIC

Bin Yan, Zhite Yu and C.-P. Yuan, arxiv 2107.02134 (Accepted by PLB)
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/ boson couplings

Electroweak symmetry breaking

Massive gauge bosons: W and Z

Lepton colliders: LEP and SLAC

—

Hadron colliders: Tevatron and LHC 11

B
Probing the Z boson couplings
are very important for us to
test the Standard Model

-+

D13 pue YY3IH :s49pl|jod da



measured value

Status of Zbb couplings

SM prediction

Gfitter Group:

(ng, gRb)

1 1 1 1 1 1
80 100 120 140 160 180 200
Vs (GeV)

| 9Rb

0.21629 + 0.00066 0.21578 £ 0.00011  epic74 (2014)3046
0.0992 + 0.0016 0.1032 += 0.0004 PDG2020 T(7 s b
093+0020 093463+ 0.00004  Rp= 2 )
0923 =0 - - T, IZ )
deviation with SM prediction
oA s D. Choudhury, T. M. P. Tait, C.E.M. Wagner,
‘:‘%;TUA; féﬁﬂ | T_ 1 PRD 65(2002)053002
SO e -—'4?— L= _iZ,u(ngl_)LVMbL + grobRY"OR)
—F BE . Cw
+ - *
Pl gt =042, g2 = —-0.077
<—+M "] gy < 0 was Excluded

Could be positive or negative

12



Status of Zbb couplings

A. How to break the degeneracy of the right-handed
Zbb coupling? ,

New experiments: CEPC (e+e- collider), etc. "-‘f

B. How to explain the LEP data?
New Physics? Many new physics models

e.g. Custodial symmetry O(3) + heavy quark
K. Agashe, R. Contino, L. Rold, A. Pomarol, 2006’

Statistical Fluctuation or Systematic error?
New experiments: e.g. CEPC

13



So...

Should we just wait for the next
generation lepton colliders?

Any possibility from ep collider (EIC)?

?

-

o=

14



/bb couplings @EIC

Single-Spin Asymmetry (SSA):

Polarized lepton beam k'
k
& - tot  _tot
b — Tbt ™ Tb—
ql e T got | gbob
b,+ b,
p \ >
P

+ /—: right/left-handedlepton

1. Photon-onlydiagrams will cancel in SSA
2. Leading contribution:y-Z interference
3. Only sensitive to the vector component of the Zbb coupling

15



/bb couplings @EIC

Eon = 141 GeV, P, = 0.7

(i) e = 0.001, €2 = 0.03, e = 0.7: b
b Ry KA
(ii) € = 0.01, e’ =0.2, e = 0.5.
1.5 T T T T LI N LI I
SR e I ) O w7 T@
1 OF ™ EC (i) W EIC (ii) | m EIC (i) £=3326 "

TR | B T T B N L
0.5 1.0 1.5 20

Ky

The limits forthe Zbb couplings could be comparableto the LEP data 16



New Physics @EIC

EIC is an important machine for the new physics searches:

1. Lepton number violation?

(& €
. . . r}/ ’7
2. Axion-like particle? L §
q q
3. Zboson couplings? Jet charge + single spin asymmetry observable
e Ve
ipl b lings? "
4. Triple gauge boson couplings: v
W
q q

17



Conclusion

» In this PRD project Dr. Bin Yan and collaborators have exhibited the potential power of the
EIC to become not only a new frontier in QCD but also in searches for new physics
beyond the SM

» Competitive or superior sensitivity to LHC and other searches for charged lepton
flavor violation especially in interactions involving heavy quarks in proton

» Potential sensitivity to Z boson couplings to heavy b quarks sufficient to resolve
long-standing anomaly between LEP/SLC measurements and SM predictions

» Should motivate further investment by LANL and national nuclear physics community to
strengthen ties with high-energy physics to maximize the impact of the EIC

» Establishes Dr. Yan as a leading young expert to be a future leader in this effort
internationally

Los Alamos National Laboratory





